To determine the precision of a three-dimensional (3D) method for measuring the growth rate of solid and subsolid nodules and its ability to detect abnormal growth rates.
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Given this need, clinically stable individuals participating in a long-term lung cancer screening study were analyzed to measure the growth rate of solid and subsolid nodules at CT. Our purpose was to determine the precision of a 3D method for measuring the growth rate of solid and subsolid nodules and its ability to depict abnormal growth rates.
Materials and Methods

Study Subjects
This study was approved by the Institutional Research Board with a waiver of consent and was Health Insurance Portability and Accountability Act compliant. Chest CT reports of all individuals enrolled between March 1, 2000 and November 30, 2001 in a lung cancer CT and biomarker screening trial at our institution were reviewed for the presence of clinically stable lung nodules. Nodules were determined to be stable on the basis of reports issued by interpreting dedicated thoracic radiologists (including J.P.K. and D.P.N.) with experience ranging between 3 and 25 years. Clinical stability was established with long-term CT follow-up, which lasted for a mean of 6.4 years 6 1.9 (standard true volume of a nodule is of interest, in clinical practice, the precision or reproducibility of a measurement method is more relevant. Three-dimensional techniques have been shown to be more sensitive, particularly for asymmetric nodules, than one-or two-dimensional methods for identifying changes in nodule size ( 6, 8, (27) (28) (29) (30) (31) . Several reports addressed the precision of 3D volume techniques for measuring nodules in vivo ( 8, 10, 11, 32 ) , primarily on single CT studies or CT studies obtained the same day. To our knowledge, the precision of assessing in vivo the volume of subsolid nodules has only been reported in one promising study that used manual tracing for nodule volumetry ( 33 ) .
To assess changes in nodule volume, we developed a semiautomated 3D algorithm that is applicable to both solid and ground-glass attenuation nodules. Validation by using stationary phantoms has been performed. However, phantom studies cannot assess potentially significant errors due to respiratory motion, changes in the parenchyma surrounding nodules, varying nodule orientation in relation to the chest wall and other structures, irregular nodular borders, and asymmetric nodule shape and attenuation. Before a 3D volume technique can be reliably applied in clinical practice, it is essential to assess its precision for measuring growth rate in vivo . We also examined the ability of 3D volumetry to depict abnormal growth rates by applying our model to pathologically proved malignant nodules. We hypothesized that the use of the model depicts suspicious growth earlier than criteria used in present practice.
T
he ability to detect an increase in the size of a pulmonary nodule, whether indeterminate or of known malignant potential, is of high clinical importance, particularly in light of the recent announcement by the National Lung Screening Trial that reported preliminarily a reduction in lung cancerrelated deaths by 20% with computed tomographic (CT) screening, in comparison with chest radiography ( 1 ) . Although potentially related to benign processes, growth of a nodule raises clinical suspicion of malignancy and alters subsequent management ( 2, 3 ) .
Current radiologic practice for assessing changes in nodule size at chest CT relies on manually obtained one-and two-dimensional measures ( 4, 5 ) . Measurement techniques include the use of calipers for determining the largest or the two largest orthogonal dimensions on a representative single axial section, which can be multiplied or used to determine the area of a nodule on a single section, by using mathematical assumptions of nodule shape.
Semiautomated and fully automated three-dimensional (3D) volume evaluation has been shown to be both accurate and precise for quantifying the size of small solid nodules . While absolute accuracy or the ability to measure
Implications for Patient Care
A model derived from the normal n distribution of variability can potentially be used for surveillance of lung nodules suspected of being malignant by differentiating normal from abnormal growth rates.
With further understanding of its n limitations, the model may assist in monitoring solid and subsolid nodules for signifi cant growth.
Advances in Knowledge
A model for growth rates, estabn lished by using serial CT scans, demonstrated decreased variability of the growth rate as time intervals between CT scans increased, ranging from 47.0% per year at an interval of 0.5 year, to 30.4% per year at an interval of 1 year, to 19.6% per year at an interval of 2 years.
The model enabled abnormal n growth rates to be detected in all eight pathologically proved malignancies.
The standard deviation of growth n rate increased with peripheral location ( P = .01) and when nodules abutted the pleural surface ( P = .05). by using electronic calipers on the axial section in which the nodule appeared the largest. The maximal transverse dimension of the largest adjacent vessel that abutted the nodule was also measured at the point of contact with the nodule.
Volume Measurement
The volume of each nodule was computed by using a previously described method based on a partial volume model ( 7, 34 ) with subsequent modifi cations ( 35 ) . The observer was required to place an overinclusive region of interest ( I 1 ) around the nodule while avoiding adjacent structures (blood vessels, chest wall) and unrelated disease such as atelectasis and consolidation. Manual delineation of the overinclusive 3D region encompassing a nodule took 35 seconds on average. I 1 included the nodule on all CT sections in which it was visible in addition to penumbra of the lung, All of the initial scans were performed with a low-dose technique by using 120-140 kVp with 20-40 mAs and reconstruction by using a high-frequency algorithm (kernel b60), 512 3 512 resolution, and 25-35-cm fi eld of view. For the subsequent follow-up CT examinations, 77% were conducted by using a low dose (20-40 mAs), and 23% were conducted by using doses ranging from 50 to 120 mAs. Images were reconstructed in 1.25-mm sections at 1.0-mm intervals for determination of nodule characteristics and 3D volume measurements. Protected health information was removed, and the anonymous data were transferred in Digital Imaging and Communications in Medicine format to a standard desktop computer for analysis.
Nodule Characteristics and Caliper Measurements
Each nodule was categorized in terms of its attenuation, location, overall shape, and borders at baseline CT. The presence of image artifacts was assessed at every time point. This was performed by two experienced thoracic radiologists (J.P.K.; D.P.N., 25 years of experience in chest radiology). Characteristics were initially assessed independently to study interobserver variability. A consensus session was performed to resolve discrepancies, and results were analyzed to assess the effect of these characteristics on growth rate estimates. Nodule attenuation was characterized as solid for nodules closely approximating softtissue attenuation or subsolid when there was presence (either the entire nodule or its component) of attenuation lower than that of soft tissue. The attenuation of adjacent vessels in the lung parenchyma was used as a reference. deviation) and ranged from 2.0 to 8.5 years, after the initial baseline examination. A total of 123 stable lung nodules were identifi ed in 59 individuals. There were 25 female (mean age, 56.6 years 6 8.4) and 34 male (mean age, 61.1 years 6 8.3) patients.
A total of 239 CT examinations, 59 baseline and 180 follow-up examinations, with an average of 4.1 examinations per patient 6 1.2 (range, two to seven examinations per patient), were identifi ed for volumetric analysis. Subsequent examinations were performed during a mean of 2.4 years 6 0.5 (range, 1-3.6 years) after baseline examination ( Table 1 ). The majority (approximately 85%) of subsequent CT examinations were performed for nodule follow-up. Images of each nodule that had been obtained at multiple time points were reviewed by a thoracic radiologist (J.P.K., 9 years of postfellowship experience) to confi rm stability.
Nodules in eight patients with lung malignancy diagnosed by a change in size were identifi ed during the same time period, and malignancy was confi rmed by using surgery ( n = 7) or biopsy ( n = 1) results. There were fi ve women (mean age, 65.9 years 6 4.31) and three men (mean age, 59.9 years 6 1.5). Five of eight patients had been imaged as part of a CT screening trial, with a mean of four CT examinations per patient (range, two to seven examinations per patient) performed during a mean of 1.45 years (range, 0.2-3.2 years). One patient had a screening CT ordered by a referring physician for smoking history, with two CT studies acquired 85 days apart. Two remaining patients underwent three and fi ve CT studies separated by 466 and 758 days, respectively. One was ordered for an abnormal radiograph and smoking history, while the other was ordered for follow-up after lung cancer resection. CT reports were reviewed to document the date on which abnormal growth was detected.
Imaging Protocol
Imaging was performed with a fourdetector row CT scanner (Volume Zoom 4; Siemens Medical Solutions, Iselin, NJ). The two observers who completed the caliper measurements also performed volumetric assessment after a training session. Each observer analyzed one-half of the nodules. The training session entailed use of the software program on two sample nodules. The training session reviewed the procedure for region of interest placement, so that the adjacent structures that abutted the nodule, such as the chest wall or blood vessels, were excluded. All serial CT studies in a given nodule were analyzed by the same observer at the same time, refl ecting the radiologic practice of comparing current with prior examination results ( Fig 1 ) . To assess interobserver variability, at all imaging time points for a random subset of 19 of these nodules, ranging in volume between 10.7 and 100.3 mm 3 , volume was independently measured by both observers.
Data Analysis
The apparent growth rate (GR) measured at any two points in time ( T 1 , T 2 ) was computed as 2 1
where V 1 and V 2 were the two volume estimates. For stable nodules with presumably minimal growth, the variance of growth rate refl ected predominantly the precision of volume measurement. A total of 939 pairs of V 1 and V 2 were available for analysis, including 142 growth rate values for nonsolid nodules.
The distribution of growth rate for all stable nodule measurements was used to determine the relationship between variability of growth rate and the time interval ( D T = T 2 2 T 1 ) and to correct growth rate for the effect of the time interval. For modeling of the relationship between standard deviation of apparent growth rate as a function , with two free parameters a and b , was used to model the dependence of standard deviation of growth rate on time interval. The Levene test ( 36 ) of homogeneity of variance was used to identify nodule characteristics that signifi cantly affected the precision of growth rate. A P value of less than .05 was considered to indicate a statistically signifi cant difference. The agreement between observers was assessed for nodule characteristics and for measured volumes by using intraclass correlation coeffi cient (ICC) (absolute agreement). Table 2 lists the characteristics of lung nodules as assessed by the consensus reading. The mean linear dimension of stable nodules was 5.4 mm 6 4.7 and ranged from 1.6 to 19.0 mm.
Results
A plot of growth rate values ( Fig 2 ) with all available time points for clinically stable nodules showed that values were clustered around a zero growth rate (mean, 3.3% per year), which was consistent with the notion that these nodules were truly clinically stable.
Growth rate did not differ signifi cantly between solid (2.8% per year 6 35.5) and nonsolid (8.0% per year 6 38.2) nodules ( t test, T = 2 1.6, P = .11). The variability of growth rate clearly decreased with increasing time interval, suggesting that volume changes were less precisely determined over shorter time intervals. Across all observations, the standard deviation of growth rate was 36.5% per year.
The relationship between the standard deviation of the apparent growth rate as a function of time interval ( Fig 3 ) was well approximated by the power function. A least-squares regression analysis yielded a equals 30.4 and b equals 0.63 for all stable nodules, implying the standard deviation of 47.0% per year at a time interval of 0.5 year, 30.4% per year at a time interval of 1 year, and 19.6% per year at a time interval of 2 years. In a truly stable nodule, the standard deviation of the growth rate would be inversely proportional to time interval (ie, s = a / D T ). However, the inverse model fi tted our data much more poorly, with R 2 of 0.738 and rootmean-square residual of 8.9% per year, compared with R 2 of 0.972 and rootmean-square residual of 3.1% per year for the power function. On the basis of this relationship, an operational procedure ( Fig 4 ) can be used to determine if a measured value of growth rate signifi es abnormal nodule growth.
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Ko et al threshold for differentiation can be increased. When applied to eight cancers that changed in size on serial CT images, the model identifi ed disease signifi cantly earlier than did conventional manual linear measures in half of our cases. In none of the cases did our method delay the diagnosis. In addition to a shorter time interval, peripheral location and adjacency to pleura were associated with a larger variation in growth rate. Gietema et al ( 17 ) showed that variability of segmenting nodules with irregular margins or nonspherical shape was more than twice as large than for nodules lacking these characteristics.
The subsolid nodule has been associated with adenocarcinoma and preneoplasia, which has been termed atypical adenomatous hyperplasia. Attention by Lindell et al ( 39 ) , who calculated nodule volume from orthogonal linear measurements, an exponential pattern may not describe the growth of all lung cancers. With the use of 939 growth rate estimates, a normative model ( Fig  4 ) for growth rate precision as a function of time interval was validated in our investigation. Across all observations, the standard deviation was 36.5% per year; for a time interval of 1 year, it was 30.4% per year.
Detection of growth by using growth rate-based measures will not have perfect accuracy. Depending on the statistical threshold, a fraction of clinically stable nodules will be incorrectly fl agged as having an abnormal increased growth rate. To reduce the frequency of false-positive fi ndings, at the cost of increasing the false-negative rate, the Signifi cant factors ( Table 3 ) associated with variability according to the Levene test were related to nodule location. Peripheral location was associated with a larger variability (37.1% per year) than central (25.6% per year) location ( P = .01). Nodules that abutted the pleural surface had greater variability (38.9% per year) than those that did not (34.0% per year) ( P = .05).
Malignant Nodules
All eight nodules that had increased in size and were proved to be malignant at pathologic examination ( Table 4 , Fig 5 ) had an abnormally high growth rate detected by using the method. The abnormal growth was detected at a mean of 344 days 6 284 for radiologic or clinical diagnosis that did not include 3D volumetry, compared with 183 days 6 158 when using the 3D volumetric growth method ( P = .05, paired t test).
Interobserver Agreement for Nodule Volume and Characteristics
The nodules selected for the interobserver agreement study ranged in volume from 10.7 to 100.3 mm 3 . There was excellent intraclass correlation between volumes measured by two readers (ICC = 0.98). When nodules were characterized independently (prior to consensus reading) by two experts, there was good agreement for nodule attenuation (ICC = 0.67), location in the lung (ICC = 0.76), and surface morphology (ICC = 0.61); fair agreement for nodule shape (ICC = 0.27) and adjacency to blood vessels (ICC = 0.32); and poor agreement for interference of CT artifacts (ICC = 0.09).
Discussion
We analyzed the precision of growth rate measurements in a study of 123 nodules with long-term CT follow-up on the order of 6.4 years 6 1.9. While volume doubling time is often used for quantifying growth of malignant nodules ( 37 ) , the variability of volume doubling time is much larger than that for growth rate for nodules likely to be stable, making growth rate a more suitable measure of change ( 38 ) . In addition, as suggested ( 33 ) . Such nodules are of high clinical importance; a majority are thought to be adenocarcinomas or preneoplastic foci of atypical adenomatous hyperplasia ( 40, 41 ) . A minority of these lesions represent infl ammatory conditions such as focal interstitial fibrosis ( 40 ) . By using growth rate estimates for pure and mixed ground-glass nodules, we did not identify a signifi cant difference in precision between these nodules and their solid counterparts ( Fig 2 ) . Therefore, our method may prove useful for longitudinal follow-up of the important category of subsolid lung nodules. This conclusion is supported by prior phantom experiments in which subvoxel modeling and partial volume methods were found more accurate than threshold techniques for measuring ground-glass nodules ( 7, 35 ) . It is acknowledged that the category of subsolid nodules has members with heterogeneous clinical behavior. Possibility remains that, in spite of our long 6.4 year 6 1.9 CT follow-up, some of these nodules nevertheless will eventually become malignant or have abnormal growth rates detected. A previous study by Hasegawa et al ( 42 ) , utilizing twodimensional manual caliper measurements, reported slow doubling times, 2.2 years 6 1.0 for 19 pure groundglass nodules and 1.3 years 6 0.7 for 19 mixed attenuation nodules. In our study, the lack of signifi cant growth during a long observation period supports our classifi cation of these nodules as clinically stable. Our data, when confi rmed with future studies, could enable radiologic differentiation of clinically stable nodules from their more aggressive ground-glass-containing counterparts, which would require aggressive treatment in a timely manner. Previous studies have evaluated the precision of volume measurement by repeating CT examinations on the same day ( 11 ) or by measuring clinically stable nodules at two examinations separated by several months or years ( 10 ) . While both approaches account for variability in the phase of respiration, the latter strategy may have greater In addition, cases that presented a challenge for automatic volumetry, such as nodules that abutted the pleura and subsolid nodules, were not included. In our study, the size of the nodule on the initial study did not affect the precision of our measurement. Our method explicitly accounted for partial volume effects and may have overcome the diffi culties encountered when measuring smaller nodules.
Our study had several limitations. The analysis focuses solely on volumetric growth. It is also recognized that changes in other CT features (eg, morphology, distribution of attenuation values within the nodule) aid in identifying abnormal change. Recently, de Hoop et al ( 33 ) showed for ground-glass nodules that an increase in nodule mass was a better indicator of growth than a volume increase. The mean nodule mass was expressed as the nodule volume multiplied by the mean attenuation in the volume (Hounsfi eld units adjusted by adding 1000). Their observers were required to manually determine the volume, which was subject to technical factors that affect quantitative evaluation ( 46 ) . Future work will clarify the role of new measures for monitoring the growth of ground-glass nodules.
Another limitation was that our method is semiautomated and required the user to manually differentiate the nodule from any adjacent chest wall and blood vessels. This manual step possibly degrades measurement reproducibility and adds time needed for nodule assessment. The time for measurement of the nodules was approximately 35 seconds per nodule volume assessment, although this was not measured specifi cally for this investigation.
Our study did not address the effect of several methodological factors (reconstruction kernel, fi eld of view, section thickness, radiation exposure, or the use of intravenous contrast material), which are known to affect the precision of nodule volumetry ( 7, 19, 24, 47 ) performed in phantoms and in vivo ( 15,17,23,47-49 ) . In one investigation of ultra-low-dose CT, Hein et al ( 22 ) did not demonstrate signifi cant difference in precision for 5 mAs compared with 75 mAs, although these fi ndings may not apply to all patient populations.
Nonzero mean growth for stable nodules could be a statistical consequence of the defi nition of growth rate as the relative growth rate. With no growth but rather statistical errors, the same distribution of positive changes as negative changes will result in larger THORACIC IMAGING: Measuring Nodule Growth Rate Ko et al percentage changes for positive changes, given the denominator will be smaller for positive changes. In addition, the reason that the power model with exponent not equal to 1 fi tted our data signifi cantly better than the ideal model ( s = a / D T ) may be related to mild volume changes of clinically stable nodules related to infl ammation, scarring, and atelectasis that can develop over years. This may potentially increase standard deviation for a time interval longer than 1 year more than for a very short time interval. The advantage of the power model could be related to the sparsity of data at a short time interval; the shortest time interval was about 3 months. Last, we were not able to match the size of malignant and clinically stable nodules that could potentially exhibit slow growth. The ability to detect abnormal growth may therefore have been enhanced by the larger initial nodule size. Nevertheless, we have shown a significant difference in growth rate between these two groups.
In conclusion, a normative model based on the variability of growth rates measured in lung nodules that were stable for an average of 6.4 years enabled identifi cation of lung cancer. The method based on normal variability appears promising for the challenging task of monitoring lung nodules at CT.
